In order to analysis the bearings rotation of large-span spatial structures, the horizontal mechanical properties of the rubber bearings with relative rotation between upper and lower faces are discussed. Firstly, horizontal mechanical properties of rubber bearings without rotation are analyzed by finite element software ABAQUS. Then their horizontal mechanical properties along same direction of horizontal displacements, and the varying trends of horizontal stiffness and shear strains are obtained. Finally, the finite element analysis results are compared with experimental results. The analysis results show that, when shear strains are small, the horizontal stiffness of bearings decreases with the increases of the rotation, when shear strains are great, horizontal stiffness of bearings increases with the increases of the rotation, and finally tends to equal. The horizontal stiffness increases with the increases of the rotation. The vertical pressure has little effect on the horizontal stiffness in the engineering stress range.
INTRODUCTION
The seismic isolation technique has good seismic isolation effects by lengthen the structure period to decrease the acceleration response of superstructure and reduce damage, and it can recover well after the earthquake [1] [2] [3] . Rubber bearings are key devices in seismic isolation technique. Rubber bearings are made by vulcanization bonding of layers of natural or synthetic rubber to thin steel reinforcing plates. Rubber layers provide low horizontal stiffness, and rubber bearings can provide larger horizontal deformation under seismic motion, so as to reduce damage. The standard [4] specifies that the maximum horizontal deformation of the bearings shall be neither larger than 0.55 times its effective diameter nor 3 times of the total rubber thickness. The horizontal mechanical properties of rubber bearings are key parameters of isolation structures. Although there are a lot of research of rubber bearings without rotation between upper and lower faces, very few research among them deal with rubber bearings with any rotation. Rubber bearings used in large-span spatial structures often have rotation [5] [6] .
In order to consider P-∆ effect and rotation of isolation bearings serially standing on tops of cantilever columns at basement, a simple mechanics model of this isolated system was established, and the associated frequency equations were derived. The frequencies and vibration modes were solved by numerical method [7] . Ravari A. K. [8] [9] based on Haringx theory, a simplified model of bearing with initial rotation was established, and the calculation formulas of displacement at different cross-sections, internal rotation and horizontal stiffness with initial rotation under different boundary conditions are derived. To prove the validity of the theoretical model, the numerical method and experiment were used. The results of theoretical analysis and numerical analysis and experimental results were agreed well. He W. F, Liu W. G, Yang Q. R. [10] according to Haringx theory, considering bearing's rotation, vertical pressure and shear deformation, a simplified model was established, and nonlinear rotational stiffness and shear stiffness of a rubber bearing was given.
Firstly, horizontal mechanical properties of rubber bearings without rotation were analyzed by finite element software ABAQUS. Then their horizontal mechanical properties along same direction of horizontal displacements, and the varying trends of horizontal stiffness and shear strains are obtained. Finally, the finite element analysis results are compared with experimental results.
GENERAL ASPECTS OF BEARINGS
In this paper, the natural rubber bearingsRB-1with diameter 200mm and RB2with diameter 400mm are considered. The top and bottom plates of RB-1 are 10mm thick each, and total bearing height is 83.78mm, including internal plates and rubber layers. The top and bottom plates of RB-2 are 15mm thick each, and total bearing height is 132.58mm, including internal plates and rubber layers. Table I gives the rubber bearings parameters.
Where D is bearing diameter, D is the diameter of internal hole, t ୰ is the thickness of each layer of rubber, t ୱ is the thickness of each layer of internal steel plate, n ୰ is the number of rubber layers, n ୱ is the number of steel plate, S ଵ is the first shape factor, S ଶ is the second shape factor. Where the shape factor S ଵ and S ଶ are defined as the following formulas, 
FINITE ELEMENT ANALYSIS
The finite element software ABAQUS was employed to analysis horizontal mechanical properties of the rubber bearings. The inner thin steel plates and endplates were modeled with linear elastic material properties, assuming a Young's modulus of 206GPa and a Poisson's ratio of 0.3, Neo-Hooke material model was chosen for rubber, with its shear modulus G 0.55MPa, material parameters C ଵ 0.275MPa, material parameters D ଵ 0.001MPa. The elastomeric layers were discretized using 8-node full integration mixed formulation solid element C3D8H, and the inner thin steel plates were discretized using 8-node full integration solid element with incompatible modes C3D8I [11] . Fig.1 shows a bearing model and its meshing. 
Boundary Condition
During the loading process, the bottom of the rubber bearing is completely constrained, the rotation freedoms of rubber bearings at its top end are constrained, and the rubber bearing at its top end can have a lateral displacement.
Loading Control
Firstly, the displacement loading control method is used to realize the initial rotation. Three cases are considered with initial rotation 0rad, 0.01rad and 0.015rad, respectively. Then vertical pressure is applied with 10MPa, 12MPa or 15MPa. Finally, horizontal shear displacement which is normal to the rotation is loaded. Horizontal stiffness of K ହ , when the total rubber shear strain of 50% is calculated. In the same manner, horizontal stiffness of K ଵ , when the total rubber shear strain of 100% is calculated. Then varying trend of horizontal stiffness is obtained. Fig.2 shows the horizontal stiffness-shear strain curves of bearings without rotation. From Figure 2 (a), 2(b) we can see, at beginning, horizontal stiffness decreases slightly with the increases of shear strain. But it increases when the shear strain is very large. When shear strain is small, the horizontal stiffness changes little with the vertical pressure, but when the shear strain is large, the horizontal stiffness decreases with the increase of vertical pressure. II and table III. From table II and table III , it can be seen that the horizontal stiffness K ହ and K ଵ are very closed each other, or the horizontal stiffness of K ହ is slightly larger than the horizontal stiffness ofK ଵ . And the horizontal stiffness K ଵ decreases with the increase of vertical pressure [12] . Then refer to literature [13] , the horizontal stiffness of natural rubber bearingcan be calculated as follows.
Analysis of Horizontal Stiffness of Rubber Bearing without Rotation
Where K ୦ is horizontal stiffness, G is the shear modulus, A ୱ is the effective area of the bearing, T ୰ is the total thickness of rubber.When its vertical pressure is 10MPa, and its horizontal shear strain is 100%, according to equation (3), when shear strain is 100%,horizontal stiffness of RB-1 and RB-2 are got as 401.6N/mm and 967.5N/mm, respectively. They are greater than those of Table II and table III , by 3.36% and 3.11%, respectively.
Analysis of Horizontal Stiffness of Rubber Bearing with Rotation
HORIZONTAL STIFFNESS ANALYSIS OF RB-1 Fig.3 shows horizontal stiffness-shear strain curves of RB-1when the vertical pressures are 10MPa, 12MPa and 15MPa,and initial rotations are 0rad,0.01rad and 0.015rad.From Fig.3 we can see, but when the shear strain is less than 75%, the horizontal stiffness increases rapidly with the increases of shear strain, but when the shear strain is greater than 75%,the horizontal stiffness decreases with the increases of shear strain. When the shear strain is less than 47.5%, the horizontal stiffness decreases rapidly with the increases of the rotation, but when the shear strain is greater than 47.5%, the horizontal stiffness increases slowly with the increases of shear strain. Table IV, table V and table VI show horizontal stiffnessK ହ and K ଵ of RB-1, when vertical pressures are 10MPa, 12MPa and 15MPa, and the initial rotations are 0rad, 0.01rad and 0.015rad, where the σ is the vertical pressure. From Table IV,  table V and table VI we can see, K ହ and K ଵ increase with the increases of the rotation ,and the values ofK ହ /K ଵ decrease with the increase of the rotation. The vertical pressure has little effect on the horizontal stiffness.
HORIZONTAL STIFFNESS ANALYSIS OF RB-2 Fig.4 shows horizontal stiffness-shear strain curves of RB-2 when the vertical pressures are 10MPa, 12MPa and 15MPa, and initial rotations are 0rad, 0.01rad and 0.015rad. From Fig.4 we can see, when the shear strain is less than 75%, the horizontal stiffness increases rapidly with the increases of shear strain, but when the shear strain is greater than 75%, the horizontal stiffness decreases with the increases of shear strain. When the shear strain is less than 50%, the horizontal stiffness decreases rapidly with the increases of the rotation, but when the shear strain is greater than 50%, the horizontal stiffness increases slowly with the increases of shear strain. Table VII, table VIII and table IX show horizontal stiffness ‫ܭ‬ ହ and ‫ܭ‬ ଵ of RB-2, when vertical pressures are 10MPa, 12MPa and 15MPa, and the initial rotations are 0rad, 0.01rad and 0.015rad, where the σ is the vertical pressure. From Table VII,  table VIII and table IX we 
COMPARING WITH EXPERIMENTAL RESULTS
According to the experimental results of the literature [14] , this paper established a consistent bearing model RB-3 with diameter 300mm.Table X clearly shows the parameters of RB-3. Then the finite element method (FEM) is used to analyze the horizontal mechanical properties of RB-3, and the results are compared with the experimental results. Table XI shows the finite element analysis result and experimental result of K ଵ , when the vertical pressure is 10MPa, and the rotation is 0.01rad.When the shear strain is 100%, the horizontal stiffness values without rotation by experiment and the finite element method are 652.5 N/mm and 635.4 N/mm, respectively. It can be seen from the table that the deviation of FEM result and experimental result is 1%, and the result of FEM is in good agreement with the experimental result.
CONCLUSIONS
This paper uses the finite element software ABAQUS to analyze the horizontal mechanical properties of rubber bearings with relative rotation between upper and lower faces, and to compare with the horizontal stiffness without rotation, we can obtain the following conclusions.
(1)When shear strain is small, the horizontal stiffness of bearing decreases with the increase of the rotation, when shear strain is great, the horizontal stiffness of bearing increases with the increase of the rotation, and finally tends to equal.
(2)When the shear strain is less than 75%, the horizontal stiffness increases rapidly with the increase of shear strain, but when the shear strain is greater than 75%, the horizontal stiffness decreases with the increase of shear strain.
(3)The vertical pressure has little effect on the horizontal stiffness. (4)The horizontal stiffness increases with the increases of the rotation.
